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Abstract
Methods to improve the oxidative stability of B100 biodiesel were studied. A
combination of a peroxide destroyer - triphenylphosphine - and a chain-breaking
antioxidant - propyl gallate - was found to largely prevent oxidative damage in soy- and
waste oil-derived biodiesels. Peroxides were shown to react rapidly with propyl gallate
and render it ineffective. Triphenylphosphine alone provided some protection from
oxidation, but not to the extent of the combination. Propyl gallate was found to be
superior to other potential surface-active or chain-breaking antioxidants tested, such as
ascorbyl palmitate, butylated hydroxytoluene (BHT), Trolox, and other gallate esters.
1Introduction
Biodiesel (defined as the mixed methyl esters of animal or vegetable oil-derived fatty
acids) is recognized to be intrinsically less stable to oxidation than conventional
petroleum diesel. Oxidation products, which may include gums, acids, and peroxides, are
detrimental to the performance of diesel engines (Canacki et al., 1999) and, therefore,
antioxidant additives have been widely used to inhibit the formation of such compounds.
This project’s goal was to determine an optimal method for protecting biodiesel from
deleterious oxidation, which is a major problem with stored products of this kind.  
The antioxidants used for conventional diesel may not be effective for plant-derived
biodiesel, for mixtures of biodiesel and conventional diesel, for animal fat-derived
biodiesel, or for biodiesel derived from waste oils. Commercial antioxidants include
(usually phenolic) chain-reaction inhibitors (e.g., butylated hydroxytoluene [BHT],
butylated hydroxyanisole [BHA], or t-butyl hydroquinone [TBHQ]); metal-complexing
or -deactivating agents (chelators); acid neutralizers (aromatic and polymeric amino
compounds); and peroxide-destroying agents (reduced sulfur and phosphorus
compounds). Antioxidant additives for conventional diesel are largely proprietary,
although BHT has been identified in #2 diesel oil by gas chromatography-mass
spectrometry (GC-MS) (Larson et al., 1979). BHT and tocopherols have been reported to
be much more active in hydrocarbon oils than in vegetable oils (Waynick, 2005).  
Oxidation of oils such as biodiesel and conventional diesel probably occurs largely at the
air-water interface (Frankel et al., 1994). Accordingly, in food systems having low
surface/volume ratios (e.g., bulk vegetable oils), relatively surface-active oxidants such
as propyl gallate, TBHQ, and Trolox (a tocopherol model compound) tend to exhibit
superior protection compared to lipophilic, oil-soluble antioxidants such as BHT or
Vitamin E (Porter, 1993).
Oxidative stability and oxidation products have been determined by a number of methods:
(1) by using various peroxide analytical procedures; (2) by the formation of conjugated
dienes, which are rearrangement products that result from peroxide formation, using UV
spectroscopy; (3) by the measurement of aldehyde and acid formation (e.g., “total acid
number”); and (4) by measuring rates of oxygen uptake in a closed and heated system
(Larson, 1997). The so-called Rancimat test (de Man et al., 1984) is a method widely used
in Europe. It measures oxidative stability by detecting volatile acids produced by heating
oils at 110°C, but it has drawn criticism for its drawbacks for measuring antioxidant
efficacy for certain classes of compounds (Dittmar et al., 2004). The Oxidative Stability
Index test (OSI) (Akoh, 1994) recommended by the American Oil Chemists' Society is
similar to the Rancimat test.
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3Materials and Methods
Materials.  Three different biodiesels were used in this study: waste vegetable oil-derived 
biodiesel was obtained from ISTC; a degummed, soy-based biodiesel was obtained from
the Intsoy program at the University of Illinois; and soybean methyl esters (SME) were
provided by Columbus Foods (Des Plaines, IL). This last biodiesel was a high quality,
refined solvent grade that had also been bleached and deodorized (RBD). All samples
were stored in thick-walled borosilicate glass containers, with little or no headspace, and
kept in the dark until used.  
Propyl gallate, Trolox (a Vitamin E analogue), ascorbic acid palmitic acid ester, BHT,
triphenylphosphine (TPP), and fatty acid methyl ester (FAME) standards were from
Sigma-Aldrich (Milwaukee, WI). Octyl and lauryl gallates were from Wako Chemicals
USA, Inc. (Richmond, VA). Inorganic reagents were analytical grade and organic solvents
were high purity, all obtained from Fisher Scientific (Pittsburgh, PA)
Biodiesel characterization.  Gas chromatography with flame ionization detection (GC-
FID) was used to determine the FAME content according to the method of choice
(Pedersen et al., 1999). The biodiesel of study was diluted in methylene chloride to a level
of 0.09% with an external standard (azobenzene) for retention time calibration. At this
level, the relatively minor components of methyl elaidate and methyl stearate could be
detected, as well as the major FAME components. Splitless injections of 2 µL were made
onto a DB-5ms column, 30 m x 0.32 mm (5 micron film thickness) (J & W Scientific,
Rancho Cordova, CA). An HP 5890 Series II gas chromatograph with flame ionization
detection, operating in the signal range of 2 (4.0 x 103 pA) with an injector temp of 200°C
and detector temperature of 300°C, was programmed with a elution program of 40-180°C
5°/min, hold 20 min at 180°C, then 5°/min to final temperature of 280°C, with output to a
ChromJet integrator (Spectra Physics, San Jose, CA).
Sample preparation.  Just prior to each experiment, portions of the biodiesel material were
removed from storage, tested for peroxide content, and then prepared with the selected
antioxidant compound. At the level chosen for evaluation, only BHT was immediately
soluble in the biodiesel. For the less soluble antioxidants (and TPP), a period of gentle
shaking on a wrist-action shaker was necessary, usually 8-12 hours. Both Trolox and
ascorbyl palmitate had limited solubility in the biodiesel material. Amounts sufficient for
an initial concentration of 5 mM were prepared but never completely solubilized. These
preparations were centrifuged and only the clear supernatant was used. For experiments
with TPP, the antioxidant was added after the TPP treatment. To maintain consistent air to
volume ratios (AOVR), a 6 mL volume of biodiesel was added to a 20 mL screw cap style
borosilicate glass vial (28 x 57 mm) resulting in an AOVR of 1:4. Caps were teflon-lined. 
Constant temperature control was achieved using convection ovens (gas chromatography
types) for the 60-100°C range, a Stabil-thermTM (Blue M, Blue Island, IL) incubator for
the 40°C and room temperature for 22°C. For each sampling point, 100 :L of the
biodiesel was removed and diluted into 5 mL ethanol for further analyses.
4Peroxide analysis.  We employed a ferric thiocyanate spectrometric method (Mihaljevic 
et al., 1999). Peroxides in a test sample oxidize ferrous to ferric ions, producing a complex
that absorbs in the visible region at 510 nm. This procedure, in our hands, was simpler
and more sensitive than iodine-based spectrometric methods. Just prior to analysis, the
peroxide reagent was prepared by combining equal amounts of 0.005 M FeSO4 A7H 2O in
0.2 M HCl and KSCN (3%) in methanol. Since these two reagents are somewhat unstable,
fresh solutions of both were made on a weekly basis. Methanol was chosen as the final
diluent for the peroxide analysis after a variety of organic solvents were evaluated for
solubilizing both the biodiesel material and the reagents. 
For samples with few or no peroxides, 200-300 :L of the ethanol-diluted biodiesel were
added to 6 mL of methanol, followed by 1 mL of reagent mixture. For samples with
higher peroxide content, amounts of as low as 15-25 :L were used. Replicate samples
were prepared for each peroxide determination. In all cases, appropriate dilution factors
were calculated. After one minute, absorbance readings were taken at 510 nm using a
Spectronic 20 spectrometer (Milton Roy, Rochester, NY). To account for the variability of
small amounts of peroxide in the prepared reagent components and solvents, a blank was
always prepared and subtracted from the final absorbance reading. Standard deviation
values for this assay were < 0.05. Based on a standard curve determination using t-butyl
hydroperoxide, a molar extinction coefficient of 33,330 for ferric thiocyanate complex
was obtained to calculate the peroxide concentration. In data presentations, the peroxide
values (PV) are expressed in mmoles/kg using the average biodiesel specific gravity of 
0.85 g/mL for the conversion.  
Antioxidant determination.  Concentration changes for propyl gallate in the biodiesel
samples were determined by high performance liquid chromatography (HPLC) using a 
4.6 x 150 mm ProntosilTM C18 ace-EPS column (Mac-Mod Analytical, Inc., Chadds Ford,
PA). A 50 :L portion of the ethanol-diluted biodiesel sample was injected and separated
with a gradient elution programmed with an intial hold of 5 min at 100% A. This was
followed by a linear change to 50% A in 10 min, hold at 50% for 10 min, then a linear
change to 0% A in 10 min, and hold at 0% for 25 min. The process ended with a return to
100% A in 10 min and equilibration for 10 min. Mobile phase A was 95:5 5 mM
HCl:MeCN and B was MeCN. Under these conditions the retention time (RT) of propyl
gallate was 21.5 min and was well separated from the FAME constituents of the biodiesel. 
Constituents were determined at 220 nm (Spectroflow 757, ABI Analytical Kratos
Division, Ramsey NJ) with output to an integrating recorder (ChromJet) and photodiode
confirmation using a PF-1 20/20 detector (Groton Technology, Inc. Acton, MA). Separate
standards of propyl gallate in ethanol were used to normalize response factors.  
5Results
Initial characterization of biodiesels.  The three biodiesels were characterized by their
fatty acid methyl ester (FAME) content and by their peroxide values (PV). FAME content
was determined by gas chromatography by comparing retention times to authentic
standards of the major FAME components (methyl linolenate, methyl linoleate, etc.) and
PV. Each of the biodiesels were similar in their FAME content (Figure 1). The ISTC
waste-oil derived material had relatively less multi-unsaturated (linoleate, linolenate)
esters but more saturated (palmitate, stearate) and monounsaturated (oleate) than the
others.
PVs varied from a low of 7 mmoles/kg for the Columbus SME to 35 for ISTC BD and 150
for Intsoy BD.  Due to its lower PV, the Columbus SME was used for the majority of the
following studies.
Relative Efficiency of Surface-active and Chain-breaking Antioxidants.  Four different
antioxidants were tested with the Columbus SME. Experiments were conducted at 22, 40
and 60°C, in the presence of the antioxidants ascorbyl palmitate (AP), 2,6-di-tert-butyl-4-
methylphenol or “butylated hydroxytoluene” (BHT), Trolox, and propyl gallate (PG).
BHT was included as a “control” non-surface-active compound. At the lowest temperature
of 22°C, the oxidation of the SME was relatively slow, reaching a PV level of 52
mmoles/kg after nearly five months (Figure 2a). Addition of BHT did slow this oxidation,
but Trolox and ascorbyl palmitate were much more effective. The best results were
obtained with propyl gallate at 5 mM which only allowed a PV increase of 3 (from an
initial value of 8 to just near 11 mmoles/kg) during the five-month period.
Figure 1. FAME content of biodiesels as determined by GC-FID.
6(a)
(b)
(c)
 Figure 2.  SM E at 22 , 40, and 60°C with and without antioxidants.  BHT and PG at 0.005 M;         
                               Trolox and AP prepared as saturated solutions.
7At 40°C, oxidation was initially slow but rapidly accelerated after six weeks with
maximum of  > 800 PV after four months (Figure 2b). Propyl gallate, again at 5 mM,  kept
the PV at low levels throughout the entire four months. BHT and Trolox were slightly less
effective, and ascorbyl palmitate began to rapidly oxidize near the three-month time
period.
Oxidation was rapid at 60°C, reaching a maximum PV of 400-500 mmoles/kg for all SME
samples, with and without an added antioxidant (Figure 2c). But in each case, the added
antioxidant was able to delay this rapid oxidation onset. Again, propyl gallate was the
most effective additive. Although BHT and Trolox had been almost as effective at 40°C,
they were not nearly as effective at the higher temperature.
Propyl gallate-focused experiments; SME.  In these studies, propyl gallate was tested at
lower  concentrations than the 5 mM used in the initial screening experiments. A
concentration series ranging from 2.5 mM to 0.1 mM was evaluated at higher
temperatures of 60 - 100°C and zero-order rate constants were calculated (using the
equation k = moles/L/sec; Table 1).
Table 1. Rate constants for peroxide formation in SME in the presence of propyl gallate.
Rate
(mmoles/kg/hour)
zero-order rate constant
(moles/L/sec)
x 10-9
propyl gallate concentration
(mM)
100°C 1.98 480 None
1.14 280 2.5
1.07 260 1
1.28 310 0.25
1.23 300 0.1
80°C 0.86 209 None
0.42 102 2.5
0.41 100 1
0.79 192 0.25
1.07 260 0.1
60°C 0.79 192 None
0.042 10.2 2.5
0.059 14.3 1
0.132 32.1 0.25
0.242 58.8 0.1
8The 60°C data indicate that, as expected, higher concentrations of propyl gallate were
more effective at inhibiting the formation of peroxides in the SME. However, the data in
the 80°C and, especially, the 100°C experiments were ambiguous; all concentrations were
similarly effective at 100°C (Table 1).
The findings could be explained by postulating that propyl gallate was being rapidly
destroyed in the higher-temperature experiments. To examine this, we used an HPLC 
method that separated the antioxidant from the fatty acid methyl esters of the biodiesel. 
A significant difference in the loss of propyl gallate occurred confirming the rapid loss 
of propyl gallate at the higher temperatures (Figure 3). 
              Figure 3. Loss of propyl gallate in SME biodiesel.
9Data analysis also indicates that significant peroxide formation did not occur in the
samples fortified with propyl gallate until the point at which the antioxidant was 
nearly consumed.  For example, at 60°C, the t½ of 1 mM propyl gallate was ~ 13 days, at
which point the PV value was less than 30 mmoles/kg. Only when the amount of propyl
gallate decreased to 25% of its initial concentration (~19 days), did the oxidation reaction
rapidly proceed (Figure 4).
Along with propyl gallate (PG), two longer chain alkyl esters of gallate, which could vary
in their surface activity, were also evaluated: octyl C8 (OG) and lauryl C12 (LG). At 40°C,
each gallate had nearly the same effectiveness (Figure 5a). At 60°C, PG and OG were
slightly more effective than LG (Figure 5b), while at 80°C, PG outperformed the other two
gallates (Figure 5c). Again the loss of the gallates was much more rapid at the higher
temperature of 80°C. In an early literature reference in which the oxidation of lard was
tested, the higher gallates were found to be superior (Morris et al., 1947).
        Figure 4. Loss of propyl gallate vs. peroxide formation in SM E at 60°C. Initial PV  = 10  mmoles/kg;       
                      initia l propyl galla te  = 1 mM.
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(a)
(b)
(c)
Figure  5. Peroxide formation in SME with propyl (PG), octyl (OG) and lauryl (LG) gallate.
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Propyl gallate-focused experiments; biodiesels with varying PVs.  Propyl gallate was
evaluated in four different types of biodiesel that had varying initial levels of peroxide
content (Table 2). Each sample was stored in a thick-walled borosilicate storage bottle 
at room temperature (22°C) with minimal air headspace (except SME I). The four test oils
were:  (1) SME I, was stored for 5 months with a 1:1 air to oil volume headspace; 
(2) SME II, a second sample of similar composition to SME I, was stored for 4 months;
(3) the degummed BD (Intsoy) was stored for 9 months; and (4) the WVO BD (ISTC) was
stored for 9 months. 
Propyl gallate was able to slow the formation of peroxides in all of the test oils, though 
the effect was not as pronounced in the degummed and waste-derived biodiesels 
(Table 3). It was possible that these longer-stored samples might have undergone further
degradation, triggered by peroxide breakdown, to give rise to other compounds (possibly
aldehydes, ketones, or polymers) that interacted negatively with propyl gallate.
Alternatively, the peroxides themselves could have decomposed the antioxidant directly.
HPLC analysis did confirm that propyl gallate was quickly consumed in both the Intsoy
and ISTC samples, declining to near zero values within the first 72 hours of the
experimental trial.
Table 2. Four biodiesels, varying in initial peroxide value.
Designation source type
PV upon receipt
(mmoles/kg)
PV trial onset
(mmoles/kg)
 SME I RBD soybean oil 7 37
 SME II RBD soybean oil 8 5
Intsoy pilot plant project degummed soybean oil 152 157 
ISTC WVO project waste vegetable oil 33 8
Table 3. Rate constants for peroxide formation in four biodiesels varying in intial peroxide value                     
              at 60°C, with and without propyl gallate.
zero order rate constant
 (moles/L/sec) x 10-9
BD source type no AO 1 mM PG
RBD soybean oil1 127 10
RBD soybean oil2 145 16
WVO 526 331
degummed soybean oil 255 220
     1) no headspace    2) headspace
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Experiments with a peroxide destroyer; triphenylphosphine.  Triphenylphosphine (TPP)
was an effective reducing agent for peroxides in biodiesel. The peroxides were converted
(reduced) to alcohols and the corresponding oxide, TPPO, was formed by oxidation. The
reaction requires 1:1 or greater stoichiometric quantities of TPP.
Initial peroxide concentrations were measured for each biodiesel. Based on the measured
peroxide concentration, TPP was added gravimetrically in varying stoichiometric ratios.
After four hours, peroxide levels in the two higher ratios decreased significantly; after
four days, the peroxide levels were near the limits of detection with our current PV
method (0.04 -1 mmoles/kg) (Table 4).  Similar results were obtained for Intsoy biodiesel,
although its initial peroxide value was much higher, 150 mmoles/kg, so that higher actual
amounts of TPP were needed for equimolar equivalence to OOH as well as for the SME
biodiesel (initial PV = 76).  
Synergism between TPP and PG.  The TPP-treated biodiesel was evaluated for peroxide
formation at 60° C, with and without propyl gallate (Figure 6). With TPP only, the
oxidation rate for the ISTC biodiesel was nearly the same as for the untreated control,
with the exception of a small lag period. For the TPP-treated sample plus propyl gallate at
1 mM level, the lag period for oxidation increased significantly. Similar experimental
trials were undertaken with both the Instoy and SME biodiesels. For both of these
biodiesels a longer lag time for oxidation was observed with stoichiometric TPP addition.
Figure 7 shows the data for the Intsoy biodiesel; the SME biodiesel behaved similarly
(data not shown). Notably, at 60°C little or no peroxide formed in any of the samples with
TPP + PG for the duration of the experiment. Correspondingly, the loss of propyl gallate
was extremely slow in the TPP + PG samples (Table 5).
 
Table 4. Peroxide values (in mmoles/kg) in WVO  biodiesel treated with TPP at 22° C.
TPP:OOH T = 4  hrs T = 96 hrs
0 67.2 70.3
1.6 3.3 1.3
0.8 3.1 1.7
0.25 40.3 53
Table 5.  Propyl gallate half-life at 60°C without added TPP vs. biodiesel treated with TPP.
 
       Before TPP  After TPP treatment
     PV           PG t½   PV  PG t½
  ISTC WVO 9        < 72 hours   1   17 days
  Intsoy 152        < 72 hours   0.30 > 70 days
  Columbus SME 10           13 days      0.04 > 105 days
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Figure 6.  ISTC biodiesel treated with a 1:1 amount of TPP or 1:1 amount of TPP + 1 mM PG, then oxidized  
                at 60°C.
Figure  7.  Intsoy biodiesel treated with a 1:1 amount of TPP or 1:1  amount of TTP + 1 mM PG, 
                then oxidized at 60°C.
14
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Discussion
The oxidation of most organic materials, including biodiesel, generally occurs as a three-
stage process known as a free-radical chain reaction. In the early stages (initiation), uptake
of oxygen is slow (Alag period@) due to the gradual formation of free-radical species by an
initiating agent (which may be a trace of metal ions, a thermally unstable organic
substance, or a reactive gas such as ozone). The principal substances formed in this step
are peroxyl radicals, which act as Achain-carrying@ substances and contribute to a rapid
buildup of peroxides (propagation stage). Subsequently, in the third and final stage
(termination phase), the peroxides break down to relatively stable oxidized products such
as aldehydes, ketones, acids, and polymers. At this point, the starting organic material has
often been converted to a much less useful product. For example, oxidative damage in
biodiesel due to these products leads to poor engine performance. For this reason,
materials such as biodiesel are frequently treated with antioxidants. These compounds
work to prevent oxidation by different mechanisms. Some bind or react with initiating
species such as metal ions or peroxides; others remove peroxyl radicals by a Achain-
breaking@ mechanism. 
For our project, we studied oxidation in three biodiesel (B100) samples derived from
vegetable oils. One (SME) from Columbus Foods (Des Plaines, IL) was a purified,
solvent-grade mixture of nearly uncontaminated soybean fatty acid methyl esters. The
other two were manufactured from degummed soy oil (Intsoy, Urbana, IL) and waste
vegetable oil (WVO)(ISTC, Champaign, IL), respectively. The three samples varied in
their initial peroxide concentrations, with the Columbus SME having the lowest, followed
by the ISTC and Intsoy materials. The SME did not appear to have any added antioxidant
since it began to oxidize without a lag period at all temperatures.
Experiments with the SME containing various added chain-breaking antioxidants
(ascorbyl palmitate, BHT, lauryl gallate, octyl gallate, propyl gallate, and Trolox)
indicated that propyl gallate was superior in inhibiting the formation of peroxides and
other oxidation products. This result is in relative agreement with similar studies reported
in the literature (Loh et al., 2006). However, in experiments where the propyl gallate
concentration and temperature of the treated SME were varied, it was found that propyl
gallate was rapidly destroyed at temperatures > 60°C, and the expected concentration-
inhibition correlation did not hold. Dittmar et al. (2004) came to similar conclusions in
their studies of sunflower oil methyl esters. Therefore, at least for this class of
antioxidants, quantitative determinations of antioxidant effectiveness should perhaps not
be conducted at 110°C, as advocated in the standard procedures such as the Rancimat
method and the American Oil Chemists' Society’s Oxidative Stability Index test for
oxidative stability in vegetable oils.
Clearly, the assessment of oxidation inhibition is always a compromise. The formation of
oxidation products during biodiesel storage is readily observed, but because the reactions
are usually slow in normal storage, some method of accelerating their rate under
laboratory conditions is applied. Typically, this is done by increasing the temperature. 
However, this is not without problems. First of all, the concentration of oxygen in the
sample is not constant; it decreases as the temperature increases. Secondly, there is no
guarantee that the same oxidation reactions or mechanisms will prevail at all
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temperatures. The data from our experiments with SME and the four antioxidants at
different temperatures (Figure 2) show very different kinetic behavior. In particular, 
the 40°C and even some 60°C data display something approximating the classical “lag-
period” pattern of initiated autooxidation (Barclay et al., 1984), whereas at the lower
temperature (22°C), the pattern is more ambiguous. And, as mentioned above, 
higher-temperature experiments show other anomalies.  
Also, experiments with the Intsoy and ISTC biodiesels showed that even though propyl
gallate did slow the formation of peroxides at 60°C, it was less efficient than it had been
in the SME. We hypothesized that this could have been due to other oxidized products
such as aldehydes, ketones, peroxides, or polymers that were interacting with the
antioxidant. Indeed, when we added triphenylphosphine (TPP), which is known to be an
effective reducing agent for peroxides (Noguchi et al., 1998), the biodiesels were more
resistant to oxidation (if the TPP was added in a stoichiometric amount equal to or greater
than the initial peroxide concentration). This suggests that the initial peroxide
concentration is an important parameter for assessing biodiesel stability.
When triphenylphosphine and propyl gallate were both present at the onset of heating,
resistance to oxidative degradation was greatly improved. The Intsoy biodiesel sample did
not show any peroxide formation after more than 1000 hours at 60°C. The TPP treatment
effectively lowered the PV values for the Intsoy and SME biodiesels to well below 1 mM.
Correspondingly, in those samples, the 1 mM level of  propyl gallate had a considerably
longer lifetime. TPP treatment of the WVO biodiesel reduced the PV value to near 1 mM,
but not to lower levels, even with more prolonged treatment. Because WVO is a product
that has already been used in a high temperature process (deep-fat frying), a significant
amount of thermal oxidation products might be present in it that would lower the
effectiveness of TPP. All of this suggests that the initial peroxide concentration is the free
radical initiator in these reactions and that when propyl gallate is present in sufficient
amount, oxidation is greatly slowed. Instability of propyl gallate is not well understood,
but there has been recent work showing that hydroperoxides such as cumene
hydroperoxide were reactive with various polyphenols, including propyl gallate (Sugita et
al., 2004).  
Similar results have been noted in other oxidizing mixtures, e.g., when a phenolic
antioxidant and a metal-chelating agent were added to lipids in water-oil emulsions
(Medina et al., 2002) or when a peroxide reducer was added to a chain-breaking
antioxidant in irradiated polyethylene (Novakov et al., 1977). A U.S. patent
(Heneghan et al., 1999) called attention to the use of triphenylphosphine and phenolic
antioxidants in conventional diesel fuel, but it is not clear whether this technique has been
used in commerce. 
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Conclusions  
Fatty acid methyl ester (biodiesel) mixtures of different origins were demonstrated to be
protected against oxidative damage by a combination of peroxide-destroying and chain-
breaking antioxidants. In our studies, triphenylphosphine and propyl gallate comprised a
highly efficient mixture that prevented autooxidation for prolonged periods. We showed
that, for these biodiesels and these additives, a temperature of 60°C was optimal for the
quantitative assessment of oxidative stability.
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Recommendations
This study has shown that a combination of antioxidant types - a chain-breaking
polyphenol plus a peroxide-reducing, reduced sulfur compound - is highly efficient at
inhibiting the deleterious autooxidation of biodiesels that consist entirely of fatty acid
methyl esters. The general concept of this research appears reasonable. However,
additional studies are needed before a combination similar to this can be recommended as
a practical biodiesel additive. First, experiments will need to be performed to determine
whether treated biodiesels of this type are effective fuels in actual engines. Secondly,
because most biodiesels of commerce are mixtures of conventional petroleum diesel and
biodiesel, tests will have to be conducted to show that combined antioxidants are effective
in such fuel mixtures. (And, in addition, optimal concentrations of both additives will
have to be evaluated.) Thirdly, cost analyses will need to be done to assess whether the
improvement in storage characteristics resulting from the addition of antioxidant additives
is economically feasible under expected market conditions.
20
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